Abstract. The article presents the problem of thermo-modernization and the reduction of energy demand for heating purposes in existing residential buildings. The thermo-modernization process has to adapt the existing building to the standard of a building with low energy demand and applicable regulations. Low-energy constructions are a result of introduction of new solutions in building design process. Their main objective is to achieve a significant reduction in demand for renewable primary energy, necessary to cover the needs of these buildings, mostly related to their heating, ventilation and domestic hot water. The article presents the results of the analysis and calculation of selected thermomodernization variants. The results showed that thermo-modernization process of existing residential buildings is justified both energetically and economically.
1Introduction
Existing buildings, especially those built in the 1970s and 1980s, are characterized by an increased energy demand for heating purposes. In these buildings the energy demand for the heating purposes seems to be of a much higher proportion in relation to the total energy demand of the building. In order to reduce the demand for energy and adaptation of existing buildings to the standard of a building with a low energy demand [1] [2] [3] , depending on the case, the appropriate thermo-modernization packages should be implemented, which might significantly improve the energy balance of the building. In residential buildings, heat losses depend mainly on insulation of building envelope (including thermal bridges), ventilation efficiency of the building or type of used windows [1] [2] [3] [4] . Fig. 1 shows the percentage distribution of the heat loss in an existing building (a weak thermal parameters).
The use of appropriate thermo-modernization packages as improved insulation of building envelope or the use of mechanical ventilation system with heat recovery can significantly reduce heat losses and adapt the building to the standard of a building with a low energy demand. The modernized building significantly reduces the consumption of non-renewable energy sources, and therefore the negative impact on the environment is reduced. The optimally carried out thermo-modernization process can reduce the annual energy demand for heating purposes up to 60 kWh/year/m 2 , reaching the standard of a low energy building [1, 2, 5, 6] . 
Energy characteristics of the building from the 1980s
In order to perform heat losses calculations, Audytor OZC software was used. The prepared calculation is based on PN EN standards [7, 8] . The calculation takes into account the annual energy demand based on PE EN standard [9] .
Analysed building, built in the technology of the 1980s, is located in the 3 rd Polish climate zone. Building envelope is characterized by high heat transfer coefficients U. The building uses a natural ventilation system and traditional wooden windows. It is necessary to adopt a few assumptions to perform calculations as summarized in Table 1 . The degree-day value [11] was used to calculate the annual energy cost savings. Degree days of heating are defined as the difference between the design indoor temperature and the average monthly external air temperature. Number of degree days can be calculated as follows:
where: Sd-the degree-day value, K·day two-average design internal temperature (for rooms, kitchens and bathrooms),°C te(m)-monthly average outside air temperature, °C Ld-number of heating days in a given month, day m -month of the year.
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On the basis of the applicable regulations [12] [13] [14] and building characteristics, a certificate of energy performance of the building was prepared [15] . The result of the analysis is presented in Fig. 2 . Fig.2 . Results of the energy performance of the analyzed building based on [13] .
It can be seen that the building is characterized by a very large index of the annual demand for non-renewable primary energy EP in relation to the applicable regulations [13] .
As a result of the calculations, it was determined that the energy demand for heating purposes during the year for the analyzed building is 370 GJ/year.
Thermo-modernization packages
The thermo-modernization process and its economy are different for each case, depending on the adopted conditions and requirements which should be achieved after the modernization of the building. Thermo-modernization packages include all possible combinations of 5 thermo-modernization variants, which are summarized in Table 2 . 
External walls insulation
Analyzed energy savings resulting from changing the thickness of external wall insulation (styrofoam) are presented in Fig. 4 . For each analyzed insulation thickness, a simple payback time (SPBT) can be calculated as follows:
where: SPBT -simple payback time, year I-investment costs, PLN AI-average annual investment income (after considering operating costs), PLN/year. The results presented in Fig. 4 show the optimal external wall insulation thickness for the analyzed case which is 0.16 m. Simple payback time is 5.1 years. The first criterion for selecting the optimal solution is SPBT, and secondly the amount of energy saved (if the SPBT result for the different variants is the same).
3.2Roof insulation
The results from improving roof insulation (mineral wool) are presented in Fig. 5 . The results presented in Fig. 5 show the optimal roof insulation thickness for the analyzed case, which is 0.15 m. The simple payback time is 7.7 years. 
3.3Replacement of windows
Fig. 6 presents the energy savings analysis resulting from replacing windows to achieve better heat transfer coefficient U.
Fig.6. Thermal energy savings resulting from windows replacement and its profitability
The results presented in Fig. 6 show the optimal windows for the analyzed case are windows with heat transfer coefficient U=1.2 W/m 2 ·K. The simple payback time is 4.2 years. Replacing the windows on the tight one is not conducive to the free exchange of air in the rooms. Therefore, to maintain proper air circulation, it is recommended to use mechanical ventilation system or to install vents in the windows.
Replacement of doors
Results of energy savings analysis resulting from external door replacement, for doors with a better heat transfer coefficient U are presented in Fig. 7 . 
SPBT
In order to achieve the standard of a low-energy building, it is recommended to use mechanical ventilation system with heat recovery. The energy benefits resulting from the use of mechanical ventilation compared to natural ventilation are reduced when considering the electricity demand to power the fans. Natural ventilation is unpredictable and does not work in many situations [16, 17] . The results of energy savings resulting from mechanical ventilation with heat recovery are presented in Table 3 . Table 3 . Thermal energy savings resulting from mechanical ventilation with heat recovery and its profitability.
Description Results
Mechanical ventilation with heat recovery does not make sense if the building is not sealed and there is uncontrolled air exchange.
If the house has the ability to execute the mechanical ventilation system with heat recovery it should be advised to implement it. For the analyzed case simple payback time is less than one year (assuming that the building uses gas fuel for heating, the costs of electricity for power the fans and the fixed costs of using the system, such as annual maintenance services).
Results
The results presented in Fig. 8 show annual demand for non-renewable primary energy kWh/year/m 2 for all possible combinations of 5 variants, which formed 31 thermomodernization packages. 
Thermo-modernization package variant
Annual demand for non-renewable primary energy SPBT
From an economic point of view, the best results of SBPT achieve variants 3 and 5(11.6 years).
From an energetic point of view, the best result of thermal energy saving achieve variant 5 (228 GJ/year).
Variant 3 assumes no replacement of the external doors and variant 5 assumes no replacement of the windows.
In order to preserve the sense of mechanical ventilation with heat recovery, the proper tightness of the building should be ensured, therefore windows and doors should be replaced for a new one/building.
For the analyzed case, with the assumptions made, the most advantageous thermomodernization package is option 1, assuming all thermo-modernization variants.
5Conclusions
Analysis allowed achieving the standard of a building with a low energy demand (no more than 60 kWh/year/m 2 ). The standard of a building with low energy demand for the analyzed case was achieved only with 3 thermo-modernization packages out of 31.The use of the appropriate set of thermo-modernization packages can significantly reduce energy demand for heating purposes in existing residential buildings.
The aim of the study was to analyse the thermo-modernization variants to achieve a low-energy building compliant with current standards. The analysis took into account the thickness of the insulation of external walls and the roof. Depending on the thickness of the insulation, optimal results were found which were characterized by the lowest SPBT value.
Thermo-modernization analysis also took into account the replacement of external door and windows, as well as the use of mechanical ventilation with heat recovery. It must be noted that mechanical ventilation with heat recovery does not make sense if the building is not sealed and there is uncontrolled air exchange.
If the house has the ability to design mechanical ventilation with heat recovery it should be designed.
Therefore, along with the design of mechanical ventilation with heat recovery, the replacement of windows and doors, which will protect against uncontrolled air flow and related with this heat losses should be implemented.
Analyses allow concluding that, it is preferable to use advantageous thermomodernization packages, which can significantly reduce energy demand for heating purposes. The economic effect of analysis can be observed in Fig. 8 , where SPBT for analyzed case can reach 11.6 years. Due to the reduced demand for energy for heating purposes, the demand for non-renewable energy sources is also reduced, while reducing the emission of exhaust gases to the atmosphere, and therefore reducing the adverse impact on the environment.
